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~ This second quarterly report .. .tracking systems program divided 
presents results of an optical camrmrnications and 
into three specific Tasks as follows: 

Task I: Analyze laser cormrmnicatione, 'detection, and tracking systems 

Task 11: Disseminate the resul ts  of Task  I through a lecture series, 
and 

Develop g microwave bandwidth dynamic crossed-field electron Task 111: - \' 

t multiplier demodulator. 

Work i n  the second quarter is reported for all three tasks. 

I Task I results for  the,se,cond quarter include an analysis of laser receiver 
sf;fitistics and noise, a f'ukther analysis of the ut i l izat ion of the  Goddard Rauge 

R a n g e  Rate System on an optical  carrier, a s w y  of noise sources with a 
d pcussion of origin and effect, and an analysis of information theory aspects 
&@rein quantum effects a t  optical  frequencies are considered. 
a@ graphs are provided. 

iqcluded radiation laws and s ta t i s t ics ,  noiee and fluctuations, detection statistics, 
axfd information theory aspects. 

geometry dynamic crossed-field electron multiplier l ight  demodulators and preliminary 
measurements of frequency response. 
1 KMC. 
m a t e  frequency response has not been experimentally determined. 

Equations, charts, 
> 

SubJect matter 

t 
Five lectures were given under Task I1 In the second quarter. 

: Task 111 results for  the  second quarter include construction of cylindrical 

Frequency response was indicated t o  at  least 
photo-beats up t o  600 M= have been detected from a gas laser source. Ulti- 

Delivery of an 
experimental tube will be accamplished within the next reporting period. 
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1. TASK I EFFOKP 

1.1 Introduction 

Task I of the overall program relating t o  optical  communication and 
tracking eyetoma is a study devoted t o  theoretical analyaie of communicatione, 

* -  detection, and tracking systems. Task I w i l l  include work 88 specified below. 

A. Emphasize thermal and quantum fluctuations under various conditions 
qknd relate microwave noise theory t o  optical noise theory and the statistical nature 
of fluctuations. 

B. Include an analysis of photomixing and direct photo-detection techni- 
ques i n  light of NASA obdectives and component state-of-the-art t o  deduce the mini- 
mum noise system fo r  various conditions. 

*. v 

C. 
different system configurations i n  order t o  establish the minimum noise system fo r  
a variety of conditions. 

Perform a noise analysis of various optical  receiving devices i n  

D. Study the effects of the input optical  bandxtdth and the post detection 
,bandwidth upon system sensit ivity.  

E. Study the relationship of noise t o  coherence. 

.F. Perform a speciflc noise study concerning the dynamic crossed-field 
electron multiplier. 

Work i n  the  second quarter has been concernedwith an analysis of noise 
sources i n  laser systems. 
and the Coddard Range and'Range Rate System. 
sources is given and aspects of information theory are examined. 

Noise considerations are related t o  receiving systems 
A comprehensive summary of noise 

1.2 M scussion 

1.2.1 Laser Receiver S ta t i s t ics  And Noise 

Although Poisson s t a t i s t i c s  are usually assumed at the optical  
receiver, t h i s  may not necessarily be t rue i n  special  cases where a highly coherent 
laser is employed as the transmitter. 
coherent or  black body radiation. Lasers which are highly coherent w i l l  have 
emission statistics differens from tha t  of a black body. The exact nature of these 
:statistics have not been sat isfactor i ly  determined, however, it is clear tha t  i f  
the photon fluctuation statistics at the laser transmitter are substantially differ- 
ent from tha t  of a black body signal, photon fluctuations at the receiver w i l l  also 
be different. 

The Poisson s t a t i s t i c s  result from non- 

- 

. The photon degeneracy of lasers, tha t  is the number of photons i n  
each quantum state, is greater than unity, thus much greater wave interaction 
(thermal) noise will take place than for a black body. 

body photon fluuburtionr at RF where, 8 = n except for the limiting output of 
the lursr. 

Xt appears the t  the t en  fl, etuatione would be that  of black 4 
'phi6 limiting action, also denoted a8 wave-amplitude stabil ization, 

1 1 



tends t o  substantially reduce the amount of fluctuations. Thus, the photon fluctua- 
a t  the laser transmitter w i l l  be somewhere i n  between the two cases of 

- "e = c2 and -= 5; the latter case being tha t  of a non-coherent optical  
s w c e  . 

Y e t ,  the theoretical quantum limitation or sensi t ivi ty  may not be 

be a time-varylng Poisson process with the time variation a random process related 
t o  bandwidth of the source. 

I rerlously affected. It can be considered that the fluctuation in  t l m c  At w i l l  

As the fluctuation l j 2  is given fo r  
c ;! 

3 

1 
A= Bo >> 

- 
An2 T 6 [1+ 

In post-detection bandwidth terms 

{ l + i i  [ 2 B d  I) 
BO 

z=ii 

It is  seen tha t  if the received photon rate per measurement inter-  
val (ii/ A t )  is small compared t o  Bo , that  the detected fluctuations are Poisson 
i n  character. With highly coherent lasers  the transmitted spectral  bandwidth can 
approach the post-detection bandwidth (1) and wave interaction noise can occur. 

The non-coherent background s t a t i s t i c s  w i l l  remain Poisson and the 
detection s t a t i s t i c s  w i l l  involve the  combination of Poisson and the modified 
Poisson due t o  the laser radiation. 

Some insight into t h i s  effect  on the sensi t ivi ty  w i t h  a time-vary- 
ing Poisson process can be provided by the following argument: 

Consider the receiver far enough away from the laser source that 
very f e w  signal photons per measurement interval arrive. 
assume that t h e  average number is  6. 
i n  photons i n  the measurement t i m e  such that the  number of average transmitted 
photons per m6asurement interval varies between fi and 26, then a t  the receiver, 
the random variation w i l l  be such that between 4 and 8 average photons w i l l  be ran- 
domly received. W e  continue t h i s  rough l i n e  of reasoning and note that  we w i l l  
consider t h i s  time-varying Poisson distribution t o  be i n  the  extreme, specifically 
two Poisson distributions, one of average ?is = 4 and the other of average E, = 8. 
The probability of receiving one distribution or  the  other is then equally l ike ly  
and random. 
point and compare it t o  the Poisson distribution f o r  Gs = 6, we can obtain a reason- 

(1) There is  no point i n  having the spectral bandwidth less than the post-detection 
bandwidth. 
bandwidth, i f  the laser is an ideal source w i t h  information bandwidth B0/2. 

To be specific l e t  us 
I f  the laser  source has average fluctuations 

If we now plot the two cumulative distributions, sum them point by 

The m i n i m  spectral bandwidth Bo should be t w i c e  the post-detection . 

2 



I .  

I .  

able idea of the influe-nee of the laser wave interaction noise a t  these low signal 
levels. (See Figure 1) .' 
spread than the Poisson distribution for  is = 6. Thus the error  rates w i l l  in- 
crease but the increase does not appear significant as noted by the values of - 

To 

4 

It i s  se& tha t  the resultant distribution has somewhat greater 

for no- 9 1 for thei two c a a w  of Poisson urd laser-Modffird (tfm-varying) 
= .602 for the Poisson case, Pm - .Oag for the mpdified case. 

way, fo r  the Poisson case, a Pm = .OOg can be attained fo r  
n = 4.7. 
Increase i n  received parer of approximately 20$ (about 1 DB) compared t o  the non- 
goherent source e 

Thus, fo r  t h i s  example 8 highly coherent laser would a t  worst require an 

Experimental evidence t o  date has not found any significant noise 
due t o  the laser above the normally induced signal shot noise. 

The important point of the above is tha t  it would appear t ha t  use 
of a coherent laser  as a source w i l l  not increase the received noise very much, if 
a t  a l l ,  over tha t  of a non-coherent source fo r  the  same low level signal received. 
In  fact ,  when one considers the additional noise upon detection tha t  can resu l t  due 
t o  the f i n i t e  bandwidth of the carrier,  it is more correct t o  be concerned that the 
noise bandwidth of the carr ier  is not of t h e  same order as the information band- 
width. The non-coherent laser bandwidth, if it is of the same order as the  infor- 
mation bandwidth, w i l l  upon detection induce significant additional noise and 
thereby seriously degrade the signal-noise ra t io .  
figures are shown i n  Section 1.2.2. As the curves show, if  the noise bandwidth is 
much greater than the information bandwidth, less degradation occurs. 
value t o  explain th i s .  

A mathematical analysis and 

It is of 

The carr ier  parer we assume i s  constant. If the power is  spread 
over a narrow spectrum such that the spectrum width equals the detection bandwidth 
(see Figure 2a) , then beats w i l l  occur between different spectral components t ha t  
w i l l  be amplified since it is within the detection bandwidth. 
power i s  spread over a much greater bandwidth (see Figure 2b) then less  beats can 
occur between components tha t  w i l l  result i n  frequency differences within the detec- 
t ion  bandwidth. I n  addition, these beats w i l l  be less intense because each spectral  
component is reduced i n  power. Thus, the smaller the r a t io  of information bandwidth 
t o  carr ier  bandwidth, the less noise effects the non-coherent source w i l l  cause. 

If t h i s  same car r ie r  

This essentially means that i n  any system, the laser  source must 
be chosen with regard t o  the informstion bandwidth t o  be used. 

1.2.2 Analysis of ' the U t i l i z a t i o n  of the Goddard Range 
and Range Rate System on an Optical Carrier 

In  the last periodic report, it w a s  pointed out tha t  there are two 
dis t inct ly  different ways of applying the Goddard Range and Range Rate System t o  an 
optical  carrier.  One is  direct  substitution of the present microwave car r ie r  f o r  
the optical  carrier. 
range rate s y s t e m  including the microwave carrier, which would then be a sub-carrier. 
Both systems require analysis t o  determine under what conditions it would be pos- 
sible t o  operate. 

The other is modulation of the optical  beam by the range and 

... . . . .  . . . .  . . .  . .  * ,  . .  . .  . , ' . :;r . . . . . .  . .  . . . . . .  . .  
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It was pointed out i n  the  l a s t  report  t h a t  t h e  noise bandwidth ( o r  
s p e c t r a l  coherence) of the  o p t i c a l  car r ie r  would play a s igni f icant  ro le  i n  
determination of the  f e a s i b i l i t y  of using the  Goddard Range and Range Rate System. 
It w a s  shown t h a t  it i s  necessary t o  determine the signal-to-noise degradation t h a t  
w i l l  occur due t o  detection of the  opt ica l  s igna l  based upon the  noise bandwidth of 
the  c a r r i e r ,  the  information bandwidth, and the highest sub-carrier frequency. 
There a r e  two important conditions f o r  the amplitude-modulated s i tua t ion .  

A. Baseband condition - where the highest modulation frequencies in-  
cluding sub-carr ier  a re  l e s s  than t h e  carrier noise bandwidth. 

B. Sub-carrier condition - where although the information bandwidth 
i s  less than t h e  c a r r i e r  noise bandwidth, the  sub-carrier employed i s  much grea te r  
than the  noise bandwidth. 

I n  t h i s  report ,  a mathematical analysis  of condition ( A )  baseband, 
i s  presented f o r  t h e  f i rs t  time f o r  the square l a w  detector  case which i s  the t r u e  
s i t u a t i o n  a t  low s igna l  l e v e l s  f o r  photon detectors  such a s  photo-multipliers, 
photodiodes and photoconductors. 
w i l l  be forthcoming i n  t h e  next report .  

The analysis f o r  condition ( B )  specif ied above 

Rowe has t r e a t e d  the  l inear  detection of an amplitude modulated 
noise c a r r i e r .  
detect ion of an amplitude modulated noise c a r r i e r .  

The following analysis  extends h i s  work t o  f u l l  wave square l a w  

Consider t h e  AM system shown i n  Figure 3. 

Figure 3. - AM System 

Here t h e  modulating s igna l  s ( t )  with i t s  DC component S i s  mult ipl ied by the  noise 
c a r r i e r  y ( t )  t o  form t 
wave square l a w  device?’) and then is passed through a f i l t e r  t o  recover the  
modulating s ignal ,  s ( t ) .  

AM s ignal .  The AM s igna l  i s  detected i n  t u r n  by a f u l l  

( 2 )  The erm full-wave square law device i s  described i n  d e t a i l  by Davenport and i Root by Eq. 13-13 on Page 280. The half-wave square law device i s  a more 
appropriate device t o  use as an opt ical  detector .  
on Page 302 the  only difference between the  two i s  a f a c t o r  of 4, o r  6 DB 

A s  Davenport and Root state 

6 
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( b )  156-004738 

Figure 2. Different Spectral Densities But with Total 
Panr Equal. ( See text for explanation .. ) 



The autocorrelation function of the output of the square law device 
* is: 

. 
Assuming s(t) independent and 8 ,  s 2 , 2 

and y are stationary and E 

+ 4 S 2 R  ( f )  R ( f )  + R  ( T )  Ry2 ( f )  
t - 8 y2 8 

The power spectrum is: 

As Rowedld, le t  the spectral density of the noise car r ie r  have 
Gaussian characteristics, 

and the baseband modulating signal be, 

w << fo 

7 



It can be 8llown, 

I '  

I -  
Also 

' P 2  (f) = s2 8 ( f )  + 2 1 P ( f ' )  P6 (f-f') df' 
8 -Q 

A 

aD 
(f) = 1 P 2 (P) P (f-f') df' 

8 ? pw -Q 

f > o  

f < O  

After neglecting terms centered about + 2f0, - 

(7) 

8 

....... .... f > 0 
- - -  13 

+ -+[e 2B2 - e  
I 

i 
, '  . 'i.. 



.. Again neglecting terms centered about 2 2fo 
n 

Combining equations ( 3 ) ,  ( 6 ) ,  (g), and (11) results i n  the f u l l  
vgve square l a w  device output power spectral density, P,(f). Removing the P,(f) 
term from P,(f) w i l l  leave that part of P,(f) which contains mise t e r n  only. 
Integrating t h i s  expression from -W to +W which is the low pass filter passband 
w i l l  give the noise output pawer and dividing by the  coefficient of the P,(f) term 
w i l l  give the noise-to-sif?nnl. power as a function of !! . Assuming the W= part 

of the  modulating signal t o  be 3, i.e., S = 3, as Rowe doe6 and omitting the DC 
term i n  the output because it does not contain the modulating signal results in the  
following expression for noise-to-signal ratio. 

. 

B 

a -3s B 1 B2 
+ -  [ 7 4 7 + ~ 2 ]  erf [$ g] 36 ii 2 

Figures 4 and 5 show t h i s  equation plotted. Also shown is Rare's 
l inear  detector curve f o r  the  baseband case. 

9 
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- 
1.2.3 Summaxy of Noise Sources 

c It is evident that  noise sources i n  laser systems can be numerous. 
!&e list below summarizes the noise sources and indicates the variety of considera- 
%ions that must be given t o  a laser receiving, system in,  order t o  minimize the t o t a l  
noicre 

a )  Noise-In-Signal (quantum noise) statistical fluctuations 
of signa3 power 

b) Background radiation noise S t  at i st ical  fluctuations 

c )  Internal noise due t o  dark current S t a t i s t i ca l  fluctuations 

of background radiation 

of current carr iers  or  
photoelectrons 

St at ist i c e  fluctuations. ; 

.. - 
d) Noise due t o  laser local  oscil lator 

power of local osci l la tor  

Noises a, b, c, d all are different types of shot noise 

e )  Internal noise such as qf noise 
and current noise 

Noise values dependent on 
device due t o  imperfections 
of detector 

f )  Noise due t o  non-coherent or  
quasi-coherent carriers 

g )  Noise due t o  non-ideal local  
osci l la tor  

h) Extra noise from laser source 

i )  Modulation o r  tracking scint i l la t ion 
noise 

The shot noise formula 

Noise dependent on carr ier  
bandwidth and information 
bandwidths due t o  detection . 
action 

Noise due t o  beats between 
components of local osci l la tor  
with each other o r  signal 
due t o  f i n i t e  noise bandwidth 
of local oscil lator 

Possible t o  occur due t o  
high degeneracy of source 

Noise due t o  unwanted 
variation i n  background or  
sign& average values. 

i2 = 2qiB n 
applies t o  a, b, ct  d noise types where i is the particular current. 



. -  

For noise-in-signal 

i = i s -  - '(Ips 
h f  

For background radiation noise 

i ib 

For internal noise 

i = id, the  dark current 

For shot noise due t o  local osci l la tor  power 

Where Ps, Pb and Pm are the received signal power, received 
background power and the laser local  oscil lator power respectively. 

The shot noise is essentially f lat  w i t h  bandwidth up t o  the 
post-detection bandwidth response of the detection system. 

Dominant at low baseband frequencies is flicker o r  l/f noise. 
Noise spectrum decreases w i t h  increasing frequency. 

la t ion noise, and has sometimes been used t o  include all types of noi8e which depend 

by 

Current noise is the analog of 
f l icker  noise i n  tubes. It has also been called contact noise, excess noise, modu- 

. upon bias current including g-r noise. Current noise, i n  general, can be described 

where C2 is a constant 

P = 1.0-1.5 for  current noise 

a = is a constant from 1.25 t o  4 

Noise due t o  non-coherent carrier is discussed i n  sections 1.21 and 
1.22. Extra o r  excess noise from a laser  source is also discussed i n  1.21. 

Noise due t o  non-ideal local oscil lation can be understood by refer- 
If the loca l  osci l la tor  has  a f inite bandwidth it i s  possible for  

the components of the local  osci l la tor  t o  beat with i tself  and generate beats at the 
IF which is Since the local  
osci l la tor  may be very much stronger than the signal i n  l o w  level  receiving applica- 
tions, the spectral width at which these effectsacan occur may be very wide. The 
bandwidth of concern fo r  the local  oscillator may be the 50 JIB points rather than 

I n  addition t o  t h i s  noise, i f  the local  osci l la tor  3 DB bandwidth 
i6 wider than the  signal infomation bandwidth, the IF' signal w i l l  be distorted due 
t o  mixing of the various local  osci l la tor  canponents with the signal components. 

- ence t o  figure 6. 

IfW - fs(. These beats will compete with the signal. 
. 

the  customary 3 IIB. 



Modulation and/or tracking scint i l la t ion noise can be understood 
by noting tha t  if changes i n  the average received energy occur that is not due t o  
the signal modulation then these changes w i l l  result  i n  additional detected noise. 
If these unwanted changes occur at the same frequencies a6 the signal modulation, 
$e receiver cannot distinguish between it and the desired signal modulation. Thus 
system have to be carefully examlned t o  insure t ha t  such unwanted modulation does 
not occur at the signal modulation frequencies o r  if it does, it is of insufficient 
magnitude t o  be hasrmful. Further detailed treatment of t h i s  subject i s  required 
w$th complete mathematical analysis fo r  various backgrounds, tracking rates, and 
v u l & i o n  frequencies. 

1 

c 

Figure 6. Mon-ideal lclocal Oscillator and Signal Spectrum. 
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1.2.4 Information Theory Aspecte 

The quantum effects a t  optical frequencies must be considered i n  
dealing with information theory considerations such as channel capacity of optical  
systems. 

It I s  well eeteblished t h a t  without quantum considerations, that  I s ,  
w i t h  the  classical  description of electromagnetic waves, the information capacity C 
of a signal  i n  a channel is  given by: 

C = B log (1 + S.) - 
B 

where: 

B is the channel bandwidth 

S is the average signal power 
*. - 

I 

IV is the additive white noise power 

C will be i n  units of bit6 per second, the most common 
information unit, i f  the logarithm is taken t o  the base 2. 

In order to realize this capacity limit, the signal must be coded i n  
such a way ae to  have the s t a t i s t i c a l  r a n d q e s s  of w h i t e  noise. 

The mount of uncertainty or entropy in a message is .denot6 by H and 
is given as: 

E =  - f Pi log p i  
i =1 

where: 

Pi is the probability of occurrence of an event Ei 

The greater the uncertainty about the message contents prior t o  
receiving it, the greater the  information thus conveyed when the message is received. 

When a l l  the possibil i t ies are equally likely: 

H = log M 

and is a maximum for t h e  M possibilities. 

The information rate, R, i s  given by: 

R = H B  



This can be said more e x p l i c i t l y t o  be the rate of a r r iva l  of entropy 
E& the receiver. 
i 

two terms, the  entropy rate for  signal plus noise and t h e  entropy rate for  noise 
alone. 

The information capacity, C, i n  the  presence of noise arises from 

That is, the information i n  t h e  signal cannot be greater than the  entropy 
of the  cambinatlon of 6- plus nolee le& the  information 
noise alone. 

Thus: 
! 

= R (P = BIT) - (p = N) 

C is a maximum when S has the characteristic 
claesical  electromagnetic case, 

.. - 
'= B log + ro (P = S+N) 

le88 entropy o f  the 1 

of noise. For the 

P being an tirbitrary constant upon use of the  two rate equations t o  
find the informatPon capacity C, one obtains the basic information capacity formula 
B log ( 1  + - S ). 

the information capacity would approach infinity. This cannot occur, however, 
because of the uncertainty principle. 
because of the uncertainty principle. 
zero by fundamental quantum considerations. 
this equation can no longer be considered valid as it stands. 

Iv 
If we folluued t h i s  equation t o  its l i m i t  as S/IV approached infinity,  

We cannot measure t o  any desired accuracy 
W e  become limited as the noise approaches 

Thus, when we consider quantum effects, 

A derivation of channel capacity w i t h  consideration of quantum effects  
has been recently accnmplished. 
to  be: 

The entropy per mode for  white noise was  determined 

H = log (1 + m )  + log (1  + 3 
iii 

where 
hS. 

is the averege number of photons i n  a mode. 
In  bandwidth B, the incident power is  given by 

The energy per m o d e  E is then 

P = B B = m  

By substituting for  E we obtain: 

H = 1 ~ ( 1 +  - P )  + 7 P l o g ( l + . h f ' B )  - 
hfB hfB P 
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- 8  -. 
The information or  entropy rate  will then be given by: 

we can write for the upper l i m i t  of - R(N) Noting the C is R(s+N)  
information capacity 

C = B l o g ( l +  S ) + , S + a l o g ( l + h f B ) -  - I l o g ( l + h f B )  
N + h f B  hf s+N hf I 

where I s h a l l  be considered a6 the additive white noise. If we defined I 
as the  background fram a 41aqk body a t  temperature TN, then: 

1 
I? =hfB e 

Figure 7 i l lus t ra tes  t h e  resultant maximum information capacit in bits/secFon &.different power level6 88 a function of frecpency for TI = 290 4 c  
and B = 

If' N i s  codsiderably greater than hfB (the number of photons per mode 
is much greater than one) we obtain 

_. 
Since I?>> hf'B, the second term is always much smaller than the 

first and the equation for  the claseical condition is obtained. 

If'we assume I<< hfB, we find 

When S>> N,, t h i s  reduce6 to, since E d ,  
Y 

3 C -- ' B  [ l o g  ( 1  + E) + I  log ( 1  + 5 - log Y ]  m y  

The first two  terms depend only on i, which is the  ra t io  of average 
signal power to hfB ratio.  
hf/kt. 
temperature I!. 

The last term is negative and depends on t h e  r a t i o  . For a given opticel frequency, f, this term depends solely on the background 



i 
t 

-. - 

FlguFe 7. Upper Limit to the Information that may be ,ncorporated into an electr-- 
magnet1c.wave in a eingle trannm(es1on mode. 
ing f r o m  a black body at 29ooK1 ie assumed to accompany the wave. 

Thermal noise, as originat- 

1 
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The channel capacity i s  constituted of two independent parts, one 
dependent on the  average signal power t o  hfB r a t io  and the  other dependent on black 
Posy noise. 

The two parts are plotted separately i n  two figures. Only for very 
high temperature i o  the reduction i n  channel capacity due t o  t h i s  black body noise 
@gnif I c m t  
7 

For above figures and expressions for lV<<hf’B t o  be valid S > > N  but 

The Information capacity w i l l  be affected by the  optical  receiver 

8 is a h c t i o n  of T. 
\ 

cpnfiguration in that  the effective input noise of the receiver wil l  help determine 
$$e total noise power. 

Figure 8 shows regions of validity. 

t 

$ The linear ermpllfier reduces the capacity t o  that  of: 
i. *. - 
- 1  

where  K? 1 

W e  can define information efficiency of the Quantum amplifier as the 

* s E : o E ’ k * F l g U r e  9 iliwtrates the situation for  various values of si-, 
% =  290% and B = 109 CPS. 
frequencies and law signal powers. 
significant under these conditions. 

where & is the  theoretical bmchnum. For the ideal l inear 

mte the rapid drop-off in efficiency a t  optical 
This 18 t o  be expected since hfB become6 mre 

The photomixing or heterodyne receiver effect  on the channel capacity 
has been determined to be: 

- 
c 

It should be noted tha t  19 is the additive input noise over the band- 
In the photomixing receiver, the major shot noise width B which is the  IF  bandwidth. 

contribution is due t o  the  local oscil lator power, and only the  background parer 
that  is In the optical  signal spectrum (so that it is transferred to  the I F  band- 
width) w i l l  be significant as a background noise contribution. 

In hamodyne operation (zero frequency IF’ or baseband operation after 
iphotosnixing), the information capacity is given by 

= B log (1+ 2s ) - 
I v + h f B  

2a 
- 2 

I is the background power received in t h e  optical  band B, and the 
detection bandwidth need be only B/2. 

, /  I 



Figure 9. 

Figure 8. Regions of Validity for - 'wave 
B 

O2 t 
0 I I I I 

10'2 I@ 1014 1d5 I 
FREQUENCY INCPS 

IO" i 

Information efficiency for an ideal amplifier of high gain. 
Because of spontaneous emission, the ideal amplifier has an 
effective input noise potfer of hvB, which is  responsible for 
the lowring of its efficiency a t  high Frequencies. 

, ..- 



For the Quantum counter case, that is a receiver in which photo- 
glectrons are counted as they are produced froanthe incident signal, interesting 
fferences f'ra the other caees appear. 

f ,  4 - q  I *v fW#* : . 9" 
I  or lar80 r a c e i d  i ia t b  qwtupl counter case, 

1 
where It is the moduletion factor and is smal l ,  Ip is the photon information 

re-= 

If we include background, 

5 = 1**lG (1+ k n  2-2 ) 
2;; n + n b  

7- - 
In general, the Information, '1, is determined to be 

- 
- [ 1 - Pt(l) (le" ] log [ 1 - PtQ1) (L-eQ)]  

If we hold average'power constant, the maximum information per Symbol can 
be found by the transcendental equation 

Figure 10 plots this equation and gives the maxlmum information conditions 
for E and &. Example: 

6 = 4 photons/received pulse. 
Pt.1) = 1.6/4 = 0.4. 

If we have average photons received per interval of about 
= 1.6, the maximurm information capacity is attained for pulse system when 

The system should be constructed and coded so that 

At s m a l l  values of %, the curve levels off so that even at very law values 
of 6r, the maximum information capacity w i l l  be obtained for average photons per 
received pulse not much less than one. 
levels, a puls e erystem of very low duty cycle will be more efficient. 

This indicates that for low average signal 



c 

. f  

/ 

Pigure 10. Optimized average received pulse amplitude for the noiseless 
binary channel as a function of the average number of 
received photons per available time interval. 
ability of sending a pulse is given by Q = $16. 

The prob- 
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The addition ._ of non-signal photoelectrons into the  quantum counter 
system w i l l  not significantly affect results as long as the number of non-signal 
photoelectrons per 1/B in te rva l  is much less than the signal photoelectrons i n  the 
eemc interval. 

The information efficiency Ccounter /C theoretical is plotted. 

Information efficiency as a function of non-signal photoelectrons for  

A t  low background and low internal  noise, (ne<<l)  the quantum counter is 

ra t ios  of P/WB is also plotted.  he coherent amplifier efficiency is also plotted. 

more efficient. AB + increases towards unity, the coherent amplifier show6 greater 
potential efficiency. *. .. 

When the average number of rece'ived photons per interval becomes much 
greater than unity (i.e., P>> hfB) the  information capacity of t h e  quantum counter 
approaches half the theoretical maximum capacity, or i n  words, t h e  information 
efficiency .approaches 0.5. For large number of photons per interval, the  quantum 
considerations should not be significant. Further, it is known that ,  classically, 
equal -ut8 of infomation may be obtained from amplitude and phase measurements; 
thus, since the quantum counter throw6 away all phase information, it should be' 
half as efficient as possible. 

The infomation efficiency for the various receiver sy6tems hafl been plotted 
in H g p e  3 l  for a particular set of conditions of Tm = 29%, P = 10- w a t t s ,  
B = le CPS. 

u) 

oa 

a I I I I 

I1 Io" 013 K P  101s Id6 
FREQUENCY IN CPS 

11. Information efficien y for  various receiv rs for  an average received 

temperature of 290°. 
amplifier is not as good BS t h e  other types of receivers. 

Sigrid. power of 10' 4 , a bendwidth of 10 8 CPS, and an external noise 
Note that at  the higher frequencies the coherent 
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1.3 New Technology 

There axe no reportable items within the meaning of the  New TechnoXogy 
clause of NASA Form 417 (1-63) and Alteration dated November 1963. 

1.4 Program For N e x t  R e p o r t i n g  Period 

In  the next reporting interval, the following work will be accomplished 
on Task I. First, the case of a microwave sub-carrier on an optical carrier w i l l  be 

- analyzed for  its effects on detected signal-to-noise ra t io  i n  a square-law detector. 
Second, an analysis of photomixing and photodetection techniques will be included 
with emphasis on system considerations, theoretical and practical. The limitation 
of present receiving devices on photomixing and photodetection systems w i l l  be 
a n w e d  and areas of necessary improvement noted. 
dynamic-crossed-field electron multiplier will be undertaken i n  this report period. 

A specific noise study o f t h e  

*. - 
1.5 Conclusions and Reconmendations 

It has been shown that  there are many noise sources t o  be considered i n  
laser systems; some can be minimized considerably by understanding the i r  origin. 
was Shawn tha t  the noise bandwidth of the carrier and the information bandwidth of the 
signal are interrelated i n  determining the detected signal-noise ratio.  
tha t  choice of a laser source will depend, i n  part, upon the bandwidth of the trans- 
mitted information. 
signal-noise ra t io  without serious consideration of the carr ier  and information 
bandwidth factors. 

It 

This indicates 

One cannot simply modulate a laser source and expect a reasonable 

Informstion theory aspects indicate tha t  a low duty cycle pulse coding 
may be the most efficient transmission at optical frequencies. 
necessarily mean a binary type code. 
positions 1p1~;y be desireble i n  tha t  it could be very efficient.  

This does not 
Apulse position system with many possible 

I n  a system situation, each one of the noise sources should be examined 
t o  determine its particular effect  on the overall signal-noise ratio.  
one w i l l  be able t o  determine the system component specifications necessary for 
adequate system operation. 

I n  so doing, 

To accomplish this, it i s  necessary t o  study i n  detail such items as 
tracking and scint i l la t ion noise modulation and noise effects i n  amplitude modulation 
of quasi-laser carriers. 

Improvement i n  system performance can be obtained by study of optimum 
thresholds t o  reduce error rates and optimum methods of coding for  hi&est informa- 
t ion efficiency. 

All of the above should be examined w i t h  regard t o  system configurations 
Because of the navel nature of laser comnun 'cations and 

the many possible noise contributions, it i s  most important t o  examine all possible 
system aspects t o  eliminate undesirable configurations and optimize desirable con- 
figurations. 

. for  satell i te-earth links. 
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I 2.1 Introduction 

Task I1 consis,s of a series of t e n  lectures, each four hours i n  duration 
t o  be presented by Mr. Monte Ross. 
receivere an8 systems, she l l  Include the eubject matter of Task I. 
were given i n  the second quarter. 

!Che lectures, which shall deal with laser 
Five lecturer 

2.2 M s  cus s i on 

, Five lectures were delivered by Mr. Monte Ross at Goddard Space Flight 
*der, G r e e n b e l t ,  Maryland, during the period of 17 August t o  21 August 1964. The 
subject matter of these lectures was as f o l l o w :  

1. Radiation.Laws and Stat is t ics  
2. Noise and Fl&tuatlons 
3. Detection S ta t i s t ics  
4. Information Theory Aspects 

2.3 New Technology 

There are no reportable items under Task I1 within the meaning of the LJew 
Technolw clause of NASA Form 417(1-63) and Alterations dated November 1963. 

2.4 Program for  N e x t  Reporting Period 

The subject matter for  the remaining five lectures under Task I1 will 
Include Receiving Devices, Receiving Techniques, Receiving System, and Electro- 
Optic Devices. 

2.5 Conclusions and Recommendations 

It is deemed t o  be'more beneficial t o  NASA t o  have the lecture material 
provided i n  the form of m~nuals  which would be used as Textbooks by the  attendees 
at the lectures. The manuale would contain lecture material for  the first five 
lectures, as w e l l  as lecture material for t-he remaining five lectures t o  be given 
under Task 11. 
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3. TASK rIr EFFORT 
3 1 Introduction 

Task I11 consists of developing and delivering one Dynamic Crossed-Field 
glectron Multiplying (DCFGM) l ight  demodulator which l e  t o  be capabld of a voltage 
6lgnal-to-noiee ratio of 3 DB when detecting lo'= w a t t s  of 6 3 2 ~  radiation with a 
modulation frequency of 3 KMC and a detection bandwidth of 1 K C .  

- 

The device incorporates many desirable features of static multipliers, such 
as low noise, exceptionally high amplification, and good spectral response; it has 
the additional advantage of providing wide signal bandwidth and a much simpler 
cathode and secondary emission structure. 
pded with other available devices capable of detecting high frequency modulation. 

It has superior characteristics when cosp- 

This device is  the.fi.rst photomultiplier w i t h  microwave response. It 
enables use i n  instrumentation and scient i f ic  experhents where pulses of a nano- 
second or less need t o  be detected i n  a sensitive manner. 

The high sensit ivity and large bandwidth of a microwave-bandwidth photo- . 
multiplier results i n  instrument capabilities not previously possible, and makes 
feasible laser systems for  space communications and high-resolution radar. 

The DCFW can provide unsaturated outputs exceeding one MA, thereby 
eliminating the need for  post detection amplification as w e l l  as l inear and stable 
gain over a wide range of operating conditions. 

A schematic diagram of the  basic detector configuration is  indicated i n  
figure 12. 
region of a rectangular metal cavity resonant a t  3 GC. 
configuration are an in te  e'lectrode spacing of 3 MM, and an e lec t r ic  f ield intensity 

microwave pump source of not more than a few w a t t s  is needed. 
(secondary emission surface) is Ber Ilium-Copper, Magnesium Oxide or some other suit- 

photocathode chosen for  the  spectral response desired. 
a uniform f ie ld  of about 500 gauss. 
i s  chosen fo r  either 1/4 or 3/4-wavelength resonance modes. 
only three external e lec t r ica l  connections are required i n  contrast t o  the  ten or 
mre connections commonly required with electrostatic photomultipliers. 

This figure shows two electrodes incorporated i n  the high e lec t r ic  f ield 
Typical parameters for  t h i s  

i n  the range of lo5 t o  10 z volts/meter, providing eight  multiplication stages. A 

able material. A smal l  area (20 MM h ) of t h e  active electrode is covered w i t h  a 

The active electrode 

An external magnet supplies 

It is  t o  be noted tha t  
The length of the column supporting the  pedestal 

The electron multiplication i n  the detector is  realized by providing a 
region i n  which there are two spatially uniform crossed fields. 
s t a t i c  magnetic f i e l d  points out of the plane of the  paper, and the microwave elec- 
t r i c  f ie ld  l ies ver t ical ly  i n  the plane. 
one active electrode having a high secondary emission rat io ,  8 ,  and the  other an 
inactive electrode or  pedestal having a 6 o f  less than unity. 
photocathode produces photoelectrons which are accelerated i n i t i a l l y  in t h e  positive-x . 
direction during the positive portion of t h e  microwave voltage cycle. 
magnetic f ie ld  curves the paths as shown, and during the negative portion of the 

In figure 12 t he  

The region is bounded by two electrodes, 

Incident l igh t  on the  

However, the 
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Figure 12. Schematic Diagram of Dynamic Crossed-field Electron Multiplier. 



qycle the  electrons impinge back onto the active electrode where they produce 
svcondary emission electrons. 
%ck onto the active electrode, where additional secondaries are produced. 
nplt iplication process is  repeated for n stages, af ter  which the electrons are 
collected by the coaxial collector assembly. 

Each of these secondaries is accelerated and curved 
This 

- f  F'rom preliminary work in the first quarter it was determined that for high 
vacuum purposes it would  be an improvement t o  re-design t h e  cavity i n  a cylindrical 
Sather than rectangular geometry 88 shown in figure 13. 

idftics are as good as o r  better than t h e  rectangular configuration. 

This cyiindrical geometry 
__ is smaller and easier t o  fabricate, assemble, and align and its e lec t r ica l  character- 

Work i n  the second quarter has seen construction and evaluation of t he  
cyl$ndrical geometry tube. Results Indicate good prugress towards the obdective. 

*. .. 3.2 Discussion 

3.2.1 Tube Construction 

A detector was brazed together i n  t h e  vacuum furnace described i n  
the last quarterly report. 
t ion was completed the  detector body was  leak checked and a s m a l l  leak was detected 
i n  the sapphire window. The sapphire t o  Kovar joint  was then gold plated and again 
baked aut i n  an attempt to seal the leak. This procedure failed. 
decided tha t  since the  leak w a s  small nm-Hg) that  it would be closed with law 
vapor pressure epoxy. 
quarter wave, isolated, shorting section was inserted and the assembled tube w a s  
"baked out" on the vacuum pump. 
discovered tha t  the detector cavity.indicated no resonance at 3000 MC as expected, 
and previously measured. When the device was removed frtm the vacuum pump and again 
tested, it exhibited the  proper resonance response* 
re-testing, it w a s  determined t h a t  one pa r t  of the two piece quarter wave, isolated, 
shorting section had warped several thousandths of an inch and was not making proper 
e lec t r ica l  contact. 

It is  shown i n  figure 14. When the f ina l  brazing opera- 

It w a s  then 

This seemed preferable t o  discarding the tube body. The 

Upon campletion of the "bake out" procedure it was 

After considerable testing and 

This section was  repaired and re-assembled providing the expected 
resonance, however, the  expected "Q" wa6 also attributed t o  the warped  section of 
the quarter wave shorting section. 

An Antimony-Cesium photocathode w a s  formed after t h e  device w a s  re- 
assembled, evacuated, and baked out. After the formation of the photocathode, an 
electranapet w a s  placed i n  the proper position and the RF drive was applied, as 
was the DC field.  

The detector operated properly with 5 w a t t s  of input power a t  3.125 
KMC, 900 volts of DC and a 

obtained by increasing the RF'power input, hawever, the  device tended t o  be unstable 
and would occasionally multipactor. 

50 t o  800 gauss magnetic field. The smal l  signal current 
gain of the detector w a s  1 oJ= under these conditions. Additional gain could be 

i 
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me electron collection efficiency w a s  measured and found t o  be 
between 70$ and 80$. 
3 x/4 tubes. This reduction of collector efficiency is  attributed t o  the fact  that  
the collector i n  the present detector is  about 0.050 inch below the dynode surface, 
whereas it was flush with the dynode surface i n  t h e  old 3 x/4 detector. 
accounts for the reduction of maximum current output at saturation. 

the ins tab i l i ty  encountered at higher power levels may be involved with the uncollect- 
4 electrons. 
st 

This was l ess  than the gg$ collection efficiency of the previous 

This also 
It w a s  4 milli- 

. amps compared t o  6 m i l l i g ~ n p s  on the  3 /4 detector. There is some evidence tha t  

This is tlqought t o  be a possibility since the 3 A/4 detectors were 
le with as much as 4 times the  normal input power. 

Two additionel detector envelopes were brazed together during t h i s  
Y 

reporting period. One of these leaked severely and w a s  discarded. 
.it t p  found, had a loose collector, however, it is  vacuum t igh t .  
made to replace the loose collector with one that w i l l  very nearly be f lush with the 
dynode surface i n  order t o  cpaec t  the bulk of t he  electrons produced. In addition, 
all of the present x/4 isoiated shorting sectiomare of one piece construction i n  
order t o  eliminate the earlier problems encountered. 
shorting sections have exhibited "Q's" between 800 and 1O00, which is desired. 

The other uni t ,  
A t t e m p t s  are being 

Cavities using the one piece 

3.2.2 Preliminary Measurement of Frequency Response of DCF'EM 

The frequency response of the detector w a s  investigated using two  
methods of analysis. The f i r e t  method involved beating together o ~ t h e  detector 
photocathode, the available excited modes i n  the output of a 6320 A visible gas 
laser. 
longitudinal modes of t h e  meter long resonator system used t o  excite the  laser modes. 
The second method ut i l ized the input l i gh t  created shot noise of the detector. 

The modes are separated by 150 megacycles corresponding t o  half wavelength 

The discernible beats obtained from the gas laser  input ranged from 
150 megacycles t o  600 megacycles. The first two beats, 150 MC and 300 MC were 
detected on a Polarad spectrum analyzer, Model SI!U-lB equipped wi th  a 10 MC t o  
lo00 MC RF tuning head. 

The output beats were photographed on a Polaroid camera attachment 
and are sham i n  figure 15. 
narrow band receiver tunable from 
strength meter, and relat ive measurements indicated tha t  the 600 MC beat w a s  12 DB 
below the 450 MC beat. 
t h e  modes which produce the beats decay as i n  a Gaussian distribution. No attempt 
at t h i s  time w a s  made to  determine the  bandwidth of t he  beat outputs, since they 
w e r e  considerably narrower than the IF bandwidths associated with the m e a s u r i n g  
equipnent (less than 40 KC). 

The 450 MC and 600 MC beats were detected w i t h  a NF lo5 
MC t o  lo00 MC. The receiver contained a signal 

This result is consistent w i t h  theoretical predictions since 

The results of the beat experiment indicate that  the tube is capable 
of responding t o  and reproducing at the least, a frequency of 600 MC. Further work 
.will attempt t o  reproduce beats higher than 600 MC. One approach may be t o  excite 
mre longitudinal modes in the gas laser by using a different mirror configuration 
In the laser resonator. A l l  t h e  previous experiments w e r e  conducted with the most 
stable mirror conf'iguratlon which produced the least number of excited laser d e s .  
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F i g v e  15. Laser Beat Frequencies Obtained from Detector. 
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8 larger number of modes would i n  effect distribute the available laser power more 
evenly between the output beats, decreasing the  most prominent 150 MC beat, but also 

- @creasing the  amplitude of higher frequency beats. 

The shot noise method of determining frequency response involved 
measuring the noise output of the detector a t  various portions of the frequency 
rpectrum. The b m e  line noire of the receiver wao rpnm,zred by prewntlgg any 1-t 
energy from impinging upon the photocathode of the detector. Light induced shot 
noise was then displayed as increased amplitude frmbase l ine  with the  introduction 
gf l i g h t  energy. Measurements a t  150 MC, 300 MC and 1000 MC were taken w i t h  the 
Blarad spectrum analyzer, and are shown in figure 16. The results indicated that 
$@e amplitude of t he  shot noise remained constant throughout the  frequency band up 
t o  lo00 MC, which w a ~  the  l i m i t  of the tuning head. 
1 )  that the output frequency characteristics of the detector are not degraded up t o  
lo00 MC, and 2) amplification of fiequencies up t o  lo00 MC occurs with a constant 
gain factor. 

In effect the results show: 

9. .. 
Additional work will be continued in  the  next period and will include 

the use of a 3000 MC modulator t o  amplitude modulate the  input light signal. 
detector w i l l  then operate i n  t h e  heterodyne mode and mixing frequencies will be 
obtained. 

The 

3.3 New Technology 

There are no reportable i t e m s  under Task I11 within the meaning of the New 
Technology clause of NASA Form 417(1-63) and Alterations dated November 1963. 
expected that there will be reportable item(s) when concepts described i n  t h i s  
report m e  first reduced to practice. 

It is 

3.4 h-ogram for N e x t  Reporting Period 

The program for  the next reporting period will be t o  build a demountable 
tube for  delivery t o  NASA. 
magnet t o  supply the required magnetic f ie ld  and may also contain a 0.15 l i ter/  
second Vac-ion, appendage.pump t o  maintain the required high vacuum. 

This device will be supplied with an external electro- 

Measurements of a more quantitative nature w i l l  be m a d e  t o  establish tfie 
device parameters. 

3.5 Conclusions and Reconmendations 

Three DCF!l"s with cylindrical geometry configuration were constructed and 
tested i n  the second reporting period. 
and one was operated t o  obtain preliminarydata. Construction techniques developed 
for Task I11 appear adequate for experimental tubes, and preliminary data indicates 
that objectives are being m e t  ahead of schedule. 

One was discarded, one is being modified, 

- 

It i s  recommended tha t  the program for  Task I11 be accelerated t o  permit 
delivery of the DCFBM ahead of schedule. This w i l l  permit use of t h i s  device i n  
NASA's Optical Sensor Progrem a t  Goddard Space Flight Center at  an advanced date 
and thereby accelerate IJASA's overfall objectives. 
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a. 150 MC b. 300 MC 

c .  ' loo0 MC 

Figure 16. Shot Noise Versus Base Line Noise at Various Frequencies 
(Upper trace is shot noise plus base line, lower trace 
ie base line only). 
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It I s  further recammended that future work include the following: 

1. 

2. 

3.  

4. 

Reduction of minimum microwave power input by reducing the step 
spacing and improvemnt of the cavity &. 

Imprwenent of the collector efficiency. 

Improvement in design of the magnetic f i e l d  so that the developedtubes 
&Wuld. be : coPlpMt8~ with a light-weight permment magnetic f ie ld.  

I)evelapment of tubes w i t h  additional phutosurfaces. 
of photosurfaces such 88 S-17, S-1 and S-20 should be accomplished. 

Investigation 
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